Abstract: Assessing the water footprint (WF) of crops is key to understanding the agricultural water consumption and improving water use efficiency. This study assessed the WF of wheat and maize in the Haihe River Basin (HRB) of Northern China over the period1956-2015, including rain-fed, sufficient, and insufficient irrigation conditions by different irrigation intensity to understand the agricultural water use status. The major findings are as follows: (1) The annual average total WF of wheat and maize production is 20.1 (52% green, 29% blue, and 19% grey) and 15.1 (73% green, 3% blue, and 24% grey) billion m 3 year −1 , respectively. The proportion of grey WF is much larger than the world average; (2) Wheat has larger unit WF (1580 m 3 t −1 ) than maize (1275 m 3 t −1 ). The unit WF of both wheat and maize shows exponentially decreasing trends, indicating that water use efficiency has been improved. The unit WF is heterogeneous in space, which is larger in Tianjin and Huanghua and smaller in the Southern HRB; (3) Rain-fed crops have the largest unit WF, followed by crops under insufficient and sufficient irrigation conditions for both wheat and maize. To improve the sustainability of water resources, the application of fertilizer must be reduced, and irrigation is an effective way to improve water use efficiency in water-abundant areas.
Introduction
Water scarcity has been a growing concern worldwide [1] [2] [3] . Agriculture consumes 70% of the global freshwater withdrawal [4] . With growing populations and expanding irrigated acreage, the water demand of agriculture continues to increase. Meanwhile, extensive application of fertilizer has caused severe, diffuse agricultural water pollution, which increases the competition for freshwater [5] . In some river basins, due to limited water supply facilities and high water prices, crops are irrigated with inadequate water supply under field conditions. A comprehensive and accurate assessment of the volume and structure of agricultural water consumption under those conditions is key to improving water use efficiency and effectively managing water resources.
process, many factors such as climate, geography, soil property, and manner of irrigation are considered. It is close to the actual scene for irrigated crops [34] . Hence, the green, blue, and grey WF can be quantified with an irrigation quota to improve the accuracy of the WF assessment.
The Haihe River Basin (HRB), the political, economic, and cultural center of China, has 146 million inhabitants [35] and is also a main grain producing area, with more than 10% of the national production. However, it is a historical water scarcity basin. The amount of water resources is 305 m 3 per capita, which is approximately 1/7 of the Chinese average (2200 m 3 ) and also 1/27 of the world average [36] [37] [38] . Restricted by limited water resources, high water prices, water supply facilities, and different climate conditions, crops are irrigated with different intensity in different regions within the HRB. There are great differences in the WF accounting between insufficient irrigation conditions and traditional rain-fed and sufficient irrigation conditions. However, the WF assessment under these conditions and the subsequent spatiotemporal patterns are lacking for the HRB.
The specific objectives of this study are: (1) to take account of the WF of both wheat and maize within the HRB; (2) to analyze the temporal trends and spatial variations of the WF in the entire HRB during the period 1956-2015; and (3) to allocate the WF of wheat and maize based on administrative districts within the HRB.
Methods and Data

Study Area
The Haihe River Basin (HRB) is located between 112 • E-120 • E and 35 • N-43 • N, with a drainage area of 318,200 km 2 ( Figure 1 ). It encompasses Beijing, Tianjin, and 23 other large and medium cities. The basin is in a continental monsoon climate zone with annual mean temperatures between −4.9 and 15 • C, and the annual precipitation ranges from 380 to 580 mm. The precipitation in the flood season (June-September) generally accounts for 70-85% of the annual precipitation. The observed average groundwater table of the entire HRB is 6-9 m and has a decreasing trend due to overexploitation [39, 40] . The most widely distributed soils in HRB are cinnamon soil and fluvo-aquic soil, with two main soil textures, sandy clay loam and sandy loam, respectively [41] . Wheat and maize are widely planted in the basin. The planting areas of wheat and maize were 3.9 and 5.1 million hectares in 2015, accounting for 27% and 36%, respectively, of the total planting area [42] . The total production of wheat and maize were 24.7 and 28.1 million tons in 2015, accounting for 20% and 13% of the nation, respectively [42] .
In this study, the HRB is divided into 11 regions to illustrate the spatial variations. It is firstly divided into six administrative regions, including Beijing, Tianjin, Hebei, Shandong, Shanxi, and Henan. Since the areas of Liaoning and Inner Mongolia within HRB are small, they are incorporated into Hebei and Shanxi according to climate and geographical conditions. Among them, Shanxi Province is further divided into two regions according to the different planting systems, climate, and geographical conditions, which are also the irrigation management divisions, as recommended by the government [43] . In the southern part of Shanxi, there is a traditional rotation of winter wheat and summer maize, while in the northern part the major crops are spring maize and no wheat planted. Hebei province is divided into five regions according to the different geographical conditions, which are also the irrigation management divisions, as recommended by the government [43] . In Zhangjiakou and Chengde of Hebei, the major planting crop (spring maize) is different from that of other regions (traditional rotation of winter wheat and summer maize). A corresponding weather station was selected in each region (Table 1) ; the locations of the stations are shown in Figure 1 . 
Methods
The green, blue, and grey WFs are quantified following the framework of Hoekstra et al. [44] . To distinguish the spatial discrepancy, the HRB is divided into 11 regions according to irrigation intensity, which refers to the irrigation quota recommended by the government of each province within the basin. In each region, a corresponding weather station was selected to represent the regional meteorological conditions.
In each region, the growing conditions of crops are divided into rain-fed and irrigated conditions. The proportion of irrigated crops is obtained by dividing the cultivated areas by irrigation areas in the statistical yearbook of each province or municipality.
For rain-fed crops, the blue WF is zero and the green WF is quantified by summing up the daily actual crop evapotranspiration (ET a ) without irrigation. For irrigated crops, the consumptive WF (green plus blue) is quantified by summing up daily actual crop evapotranspiration under different irrigation intensities. The green WF is assumed to be equal to the (ET a ) as calculated in the rain-fed scenario. The blue WF is equal to the consumptive WF minus the green WF.
To further analyze the structure of WF, the green water coefficient is defined as the ratio of green WF to the consumptive green and blue WF [45] .
The grey WF is calculated by quantifying the volume of water needed to assimilate the nitrogen fertilizers that enter into the groundwater or surface water because nitrogen is the most used fertilizer in the HRB. The grey WF is calculated as:
where WF grey is the grey water (m 3 ); α is the leaching-runoff fraction (%), which is assumed to be 10%; AR is the concentration of pollutants per hectare (g ha −1 ); c max is the maximum allowable concentration of pollutants in water bodies (10 mg L −1 ) [46] ; and c nat is the natural concentration of nitrogen in the receiving water body (mg L −1 ), and is assumed to zero. The unit WF refers to the WF for per ton of wheat or maize, which is obtained by dividing the total WF by production.
The actual crop evapotranspiration (ET a ), which depends on reference evapotranspiration, crop factor, and soil water availability [47] , is calculated as:
where K s [t] is a dimensionless transpiration reduction factor dependent on available soil water with a value between zero and one; K c is the crop coefficient, which varies in time as a function of the growth stage of crops, the length of the growing stage, and the crop coefficient of wheat and maize (Table 2) ; and ET 0 is the daily reference evapotranspiration (mm day −1 ), which is calculated by the Penman-Monteith equation recommended by the Food and Agriculture Organization of the United Nations (FAO) [47] . The transpiration reduction factor, K s [t], is calculated based on a function of the maximum and actual available soil moisture in the root zone at daily time steps following Allen et al. [47] :
where S[t] is the actual available soil water in the root zone at time t (mm), which is simulated with a dynamic daily soil water balance method [16, 19, 48] . In this method, the irrigation quota is used as the irrigated water volume, which can be seen in Table 3 . S max [t] is the maximum available soil water in the root zone (mm), and p is the fraction of S max that a crop can extract from the root zone without suffering water stress. It is a function of crop type and potential crop evapotranspiration [47] :
where p std is a crop-specific depletion fraction when the evapotranspiration is 5 mm day −1 , a value of 0.55 is used for both wheat and maize in this study [47] . 
Data
The weather data are obtained from the China Meteorological Administration [51] , including daily maximum and minimum air temperatures, wind speed at 2 m height, average relative humidity, and daily sunshine duration from 1955 to 2015. The provincial agricultural data, including actual yield, planting area, irrigation area, fertilizer, and production from 1956 to 2015 are available at the Department of Plantation Management of the China Agriculture Ministry [42] . The production, planting area, and yield data for cities are available from the statistical yearbooks for Beijing, Tianjin, Hebei, Shanxi, Shandong, and Henan from 1983 to 2015 [52] . The yield and production data are checked and revised. The default values of yield and production for cities are calculated by multiplying a regional affecting factor by the provincial data. The regional irrigation schedules are obtained from the norm of water intake for Beijing, Tianjin, Hebei, Shanxi, Shandong, and Henan [43] .
Results
Total Water Footprint of Wheat and Maize in the HRB
The total WF of wheat and maize over the period 1956-2015 in the HRB was calculated, and the results are shown in Table 4 . The total WF of wheat is 20.1 billion m 3 year −1 on average. The major portion of this water (52%) comes from green water, about 29% comes from blue water, and the remaining 19% is grey water. The total WF of maize is 15.1 billion m 3 year −1 on average. The major portion of this water (73%) comes from green water, about 3% comes from blue water, and the remaining 24% is grey water, on average. Per hectare of cultivated land, wheat (4900 m 3 ha −1 ) requires more water (including grey water) than maize (4580 m 3 ha −1 ) on average. In the last ten years, the average blue WF of wheat (6.3 Gm 3 year −1 ) and maize (0.6 Gm 3 year −1 ) accounts for 26% and 2%, respectively, of the total agricultural water withdrawal of the HRB (24.04 Gm 3 year −1 ) [53] . To further analyze the structure of WF, the green water coefficient is defined as the ratio of green WF to the consumptive green and blue WF [45] . As shown in Table 4 , the green water accounts for 65% and 96% of the consumptive WF for wheat and maize, respectively. For maize, 96% of the consumptive water comes from green water, because most parts of the HRB are planted with summer maize, which mainly grows in the flood season (June to September), with 70-85% of the annual rainfall. The green water coefficients estimated in this study are very close to the previous studies by Mekonnen and Hoekstra (2010) [16] and Liu et al. [45] (80% for all crops).
The total WF has different temporal variation trends for wheat and maize. For wheat, it increased (by 64%) from 1956 to 1997 and then decreased (by 3%) following the changing trends of planting areas. For maize, it continually increased (up to 144%) over the study period due to the continual increase of planting areas. For both wheat and maize, the grey water increased before 2001 due to the increased application of the nitrogen fertilizer. The growth rate of the nitrogen fertilizer application was faster than the growth rate of the production, which reversed after 2002.
Unit Water Footprint of Wheat and Maize in the HRB
The unit WF refers to WF per ton of crop production, which is the converse of the crop water productivity, and can reflect the water use efficiency of crops [45] . Lower unit WF implies higher water use efficiency. Wheat (1580 m 3 t −1 ) has a larger unit WF than maize (1275 m 3 t −1 ), on average. In 2006-2015, the unit WF for wheat and maize production was 1022 m 3 t −1 and 934 m 3 t −1 , respectively.
The unit WF for both wheat and maize have exponentially decreasing trends along with the increasing production, indicating that water use efficiency has improved (Figures 2 and 3) . The yield increased significantly due to the agricultural technology development, such as the large application of fertilizer, and innovation in agriculture management practices, such as the household contract responsibility system in the 1980s across China, which raised farmer's enthusiasm and increased the yield. application did not change much. For maize, it increased from 17 m 3 t -1 to 384 m 3 t -1 from 1956 to 1997, and then decreased 25% (276 m 3 t -1 ) in 2015. In 2006-2015, the grey WF was 302 m 3 t -1 and 304 m 3 t -1 for unit wheat and maize production, respectively. It was 45% and 48% larger, respectively, than the world average estimated by Mekonnen and Hoekstra [17] (207 m 3 t -1 ). This indicates that agricultural water pollution is more severe than in other regions in the world, so the application of fertilizer should be reduced to assimilate the agricultural water pollution in the HRB. The unit WF can be described and fitted well with a power function of crop yield (Figure 4) . It is y = 4045x −0.816 (R 2 = 0.99) and y = 3384x −0.795 (R 2 = 0.98) for wheat and maize, respectively. A similar relationship was studied by Mekonnen and Hoekstra. [17] , who argued that the trend between unit WF and the yield of cereals follows a logarithmic function. This indicated that the WF of crops is largely influenced by agricultural management rather than by climate conditions. Crop variety improvement, mechanization technologies, the rational combination of irrigation and fertilizer, and the change from family-oriented to farm management could increase the yields of wheat and maize. Further, improving crop production is an effective way to reduce the unit WF and improve water application did not change much. For maize, it increased from 17 m 3 t -1 to 384 m 3 t -1 from 1956 to 1997, and then decreased 25% (276 m 3 t -1 ) in 2015. In 2006-2015, the grey WF was 302 m 3 t -1 and 304 m 3 t -1 for unit wheat and maize production, respectively. It was 45% and 48% larger, respectively, than the world average estimated by Mekonnen and Hoekstra [17] (207 m 3 t -1 ). This indicates that agricultural water pollution is more severe than in other regions in the world, so the application of fertilizer should be reduced to assimilate the agricultural water pollution in the HRB. The unit WF can be described and fitted well with a power function of crop yield (Figure 4 ). It is y = 4045x −0.816 (R 2 = 0.99) and y = 3384x −0.795 (R 2 = 0.98) for wheat and maize, respectively. A similar relationship was studied by Mekonnen and Hoekstra. [17] , who argued that the trend between unit WF and the yield of cereals follows a logarithmic function. This indicated that the WF of crops is largely influenced by agricultural management rather than by climate conditions. Crop variety improvement, mechanization technologies, the rational combination of irrigation and fertilizer, and the change from family-oriented to farm management could increase the yields of wheat and maize. Further, improving crop production is an effective way to reduce the unit WF and improve water The temporal variation trends of unit WF are fitted well by an exponential function with a non-linear least square method. It can be described as y = 5290e −0.033(x−1955) (R 2 = 0.83) ( Figure 2) and y = 2784e −0.026(x−1955) (R 2 = 0.79) (Figure 3 ) for wheat and maize, respectively. The unit WF value was significantly high in 1961, with a value of 7533 m 3 t −1 , and that was because China experienced severe drought; at that time the production (1.6 million tons) was nearly half of the national average. In addition, in 1960 maize production decreased largely due to the severe drought, which resulted in a larger WF for maize (3254 m 3 t −1 ). The grey WF for unit wheat production increased significantly from 26 m 3 t −1 to 366 m 3 t −1 over the period 1956-2001 due to the increasing application of fertilizer (from 2 kg ha −1 to 170 kg ha −1 ) and then decreased 30% (276 m 3 t −1 ) in 2015, mainly because the yield increased while the fertilizer application did not change much. For maize, it increased from 17 m 3 t −1 to 384 m 3 t −1 from 1956 to 1997, and then decreased 25% (276 m 3 t −1 ) in 2015. In 2006-2015, the grey WF was 302 m 3 t −1 and 304 m 3 t −1 for unit wheat and maize production, respectively. It was 45% and 48% larger, respectively, than the world average estimated by Mekonnen and Hoekstra [17] (207 m 3 t −1 ). This indicates that agricultural water pollution is more severe than in other regions in the world, so the application of fertilizer should be reduced to assimilate the agricultural water pollution in the HRB.
The unit WF can be described and fitted well with a power function of crop yield ( Figure 4 ). It is y = 4045x −0.816 (R 2 = 0.99) and y = 3384x −0.795 (R 2 = 0.98) for wheat and maize, respectively. A similar relationship was studied by Mekonnen and Hoekstra. [17] , who argued that the trend between unit WF and the yield of cereals follows a logarithmic function. This indicated that the WF of crops is largely influenced by agricultural management rather than by climate conditions. Crop variety improvement, mechanization technologies, the rational combination of irrigation and fertilizer, and the change from family-oriented to farm management could increase the yields of wheat and maize. Further, improving crop production is an effective way to reduce the unit WF and improve water use efficiency. This can also be used to estimate the unit WF in the HRB when lacking information or to estimate the crop water use in the future. 
Water Footprint Allocation among Administrative Units
Reasonable allocation of water resources within a river basin can reduce the competition for limited water resources among different regions and alleviate the intensified situation of water scarcity. The WF at the province (or municipality, which is the basic administrative district within the HRB) level was analyzed in the period of 2011-2015, and the results are shown in Table 5 . Note that only the region located within the basin is calculated for each province or municipality.
The sum of the WF of wheat and maize is 47.39 billion m 3 , which is much more than the water withdrawal of agriculture (24.76 Gm 3 year -1 ). This is because the water withdrawal of agriculture excluded the green and grey water. The blue water of wheat and maize accounts for 28% of the total water withdrawal of agriculture. The total WF is 22.11 and 25.28 Gm 3 year -1 for wheat and maize, respectively. The largest WF for wheat was found in Hebei Province, with a value of 13.12 Gm 3 year -1 (43% green, 26% blue, and 31% grey), which accounts for 59% of the total WF of wheat in the basin. This is because Hebei has the largest arable land and crop area. The planting area of Hebei Province (2.4 Mha) occupies 60% of the HRB. The order for wheat WF is Hebei (59%) > Shandong (19%) > Henan (12%) > Shanxi (5%) > Tianjin (3%) > Beijing (2%) ( Figure 5 ). For maize, the largest WF is also found in Hebei province, with a value of 15.93 Gm 3 year −1 (65% green, 1% blue, and 34% grey), which accounts for 63% of the total WF of maize in the HRB. The order for maize WF is Hebei (63%) > Shandong (13%) > Shanxi (10%) > Henan (6%) > Tianjin (5%) > Beijing (3%) (Figure 5) , which is slightly different for Henan and Shanxi. The proportion of WF for maize in Henan (6%) is much smaller than that of wheat (12%) because, in Henan, wheat has a larger planting area (480 kha) than maize (290 kha) within the HRB. With wheat and maize WF combined together, Hebei province has the largest WF, which accounts for 61% of the total, followed by Shanxi (16%). Beijing and Tianjin account for 2% and 4% of the total WF, respectively. 
The sum of the WF of wheat and maize is 47.39 billion m 3 , which is much more than the water withdrawal of agriculture (24.76 Gm 3 year −1 ). This is because the water withdrawal of agriculture excluded the green and grey water. The blue water of wheat and maize accounts for 28% of the total water withdrawal of agriculture. The total WF is 22.11 and 25.28 Gm 3 year −1 for wheat and maize, respectively. The largest WF for wheat was found in Hebei Province, with a value of 13.12 Gm 3 year −1 (43% green, 26% blue, and 31% grey), which accounts for 59% of the total WF of wheat in the basin. This is because Hebei has the largest arable land and crop area. The planting area of Hebei Province (2.4 Mha) occupies 60% of the HRB. The order for wheat WF is Hebei (59%) > Shandong (19%) > Henan (12%) > Shanxi (5%) > Tianjin (3%) > Beijing (2%) ( Figure 5 ). For maize, the largest WF is also found in Hebei province, with a value of 15.93 Gm 3 year −1 (65% green, 1% blue, and 34% grey), which accounts for 63% of the total WF of maize in the HRB. The order for maize WF is Hebei (63%) > Shandong (13%) > Shanxi (10%) > Henan (6%) > Tianjin (5%) > Beijing (3%) (Figure 5) , which is slightly different for Henan and Shanxi. The proportion of WF for maize in Henan (6%) is much smaller than that of wheat (12%) because, in Henan, wheat has a larger planting area (480 kha) than maize (290 kha) within the HRB. With wheat and maize WF combined together, Hebei province has the largest WF, which accounts for 61% of the total, followed by Shanxi (16%). Beijing and Tianjin account for 2% and 4% of the total WF, respectively. The unit WF, which reflects the water use efficiency, was significantly different between different administrative districts in 2011-2015. The largest unit WF was found in Beijing and Tianjin for wheat and maize, respectively. The blue WF in Beijing (691 m 3 t -1 ) was the largest for unit wheat production due to the large amount of irrigation (428 mm year -1 ). Water-saving irrigation systems could be used to reduce the amount of irrigation water and improve the efficiency in the future.
Spatial Distribution of Unit Water Footprint
The unit WF of wheat and maize varies largely across regions, as shown in Figures 6 and 7 . For unit wheat production, Tianjin has the largest WF on average . The second largest group is the region surrounding Tianjin, containing Beijing, Tangshan, and Huanghua. The remaining areas, containing Yushe, Shijiazhuang, Anyang, and Dezhou, have relatively smaller WF, because these areas are mainly grain-producing areas, especially Anyang and Dezhou, which have larger yields than the others due to efficient and centralized management. The unit WF, which reflects the water use efficiency, was significantly different between different administrative districts in 2011-2015. The largest unit WF was found in Beijing and Tianjin for wheat and maize, respectively. The blue WF in Beijing (691 m 3 t −1 ) was the largest for unit wheat production due to the large amount of irrigation (428 mm year −1 ). Water-saving irrigation systems could be used to reduce the amount of irrigation water and improve the efficiency in the future.
The unit WF of wheat and maize varies largely across regions, as shown in Figures 6 and 7 . For unit wheat production, Tianjin has the largest WF on average . The second largest group is the region surrounding Tianjin, containing Beijing, Tangshan, and Huanghua. The remaining areas, containing Yushe, Shijiazhuang, Anyang, and Dezhou, have relatively smaller WF, because these areas are mainly grain-producing areas, especially Anyang and Dezhou, which have larger yields than the others due to efficient and centralized management. The spatial distribution of unit WF for maize is different from wheat. First, the unit WF of spring maize planted in Northwestern HRB (Zhangjiakou, Chengde, and Datong) is larger than for summer maize in other regions. This is because the growing period of spring maize is longer than that of summer maize. In the summer maize-planted areas, Huanghua has the largest unit WF (1860 m 3 t −1 ) on average. This is because the yield of maize in Huanghua is much smaller than in other regions. In contrast, relatively lower unit WF is found in the south of the HRB (e.g., Dezhou) because of the relatively higher yield.
The variation in space could be attributed to the different climate conditions, geography, soil properties, and management practices among these regions. Tianjin has the largest unit WF because of the lower yield and large application of fertilizer. Many factors might cause a lower crop yield, such as soil physiochemical properties and management practices. These factors should be further studied to improve crop productivity.
Water Footprint under Different Irrigation Conditions
Irrigation is a key factor affecting the accuracy of WF assessment. In this study, a comparison was made of the WF of wheat and maize under rain-fed and irrigated conditions with sufficient and insufficient water. The crops suffered water stress under conditions of rain-fed and insufficient irrigation, and the yields were simulated by a yield reduction fraction caused by the reduction of crop evapotranspiration proposed by Doorenbos and Kassam [54] .
Maize production per hectare requires more water than wheat under all conditions. This is because maize has a much shorter growing period than wheat. The yield of wheat under sufficient water conditions is 93% larger than for rain-fed. This indicates that irrigation plays a vital role in the wheat growing period. For maize, the yield is relatively good even without irrigation, because it mainly grows in the rainy season and there is sufficient water during the crop-growing period.
For both wheat and maize, the unit WF under sufficient irrigation conditions was lower than rain-fed and crops under insufficient irrigation conditions (Table 6 ). This is because irrigation can significantly improve the crop yield, though more blue water is required. The result is close to other studies [17] . 
Discussion
Comparison of Unit Water Footprint with Other Studies
Results of unit WF in this study are compared to studies by Mekonnen and Hoekstra [17] during 1996-2005 and Cao et al. [21] in 2010 who estimated unit WF in each province of China, and their results were calculated in the HRB (Table 7) . This can illustrate the discrepancies between large-scale datasets and what happens on a more local level [55] . For wheat, the unit WF in this study is 31% lower than that estimated by Mekonnen and Hoekstra [17] in 1996-2005 in the HRB. The green, blue, and grey WF in this study are 18%, 54%, and 20% lower than their estimates, respectively. That might be due to the different yield and irrigation areas. The yield estimated by Mekonnon and Hoekstra [17] was simulated by water stress proposed by Doorenbos and Kassam [54] . The maximum yield values were obtained by multiplying the corresponding national average yield values (4.0 t ha −1 in China in 1996-2005) by a factor of 1.2. The calculated yields were scaled to fit the national average FAO yield data [56] while, in this study, the yield of each province (4.8 t ha −1 in the HRB in 1996-2005) was obtained from the statistical data [42] , which is 20% larger than the national average. The difference of yield might explain the discrepancy of green and grey WF, while the discrepancy of blue WF might be explained by different irrigation areas. Mekonnon and Hoekstra [17] used irrigation areas from the MICRA2000 grid database [57] , which is larger than the irrigation areas from the statistical data [42] in this study.
To compare with Cao et al. [21] , this study estimated the unit consumptive WF (green WF plus blue WF) for wheat in 2010, which was 778 m 3 t −1 , 16% lower than Cao et al. [21] . The green and blue WF are 18% and 13% lower than their estimates, respectively. In their study, the yield was obtained from the statistical yearbook of each province, which was the same as this study. The green WF being higher than this study could mainly be due to different calculation methods. Cao et al. [21] estimated green WF by effective precipitation on a 10-day time step, while in this study a daily water balance model was used, referring to Allan et al. [47] . The blue WF is higher than this study, because in their study it is the sum of the evaporated surface water from the water intake point to the field and the field evapotranspiration, while, in this study, only the field evapotranspiration is taken into account.
For maize, the unit WF in this study is 11% lower than the estimate by Mekonnen and Hoekstra [17] in 1996-2005 in the HRB. This can be explained by the discrepancy of green WF. Green WF takes a large proportion of evapotranspiration (the green water coefficient is 95% in this study) in the maize growing period. The green WF estimated by Mekonnen and Hoekstra [17] in the HRB was 15% larger than this study; this could mainly be due to the different growing period, since the yield estimated by Mekonnen and Hoekstra [17] is close to this study. The growing period estimated in this study (112 days) is based on the observed values provided by the China Meteorological Administration [51] , and that estimated by Mekonnen and Hoekstra [17] was based on the FAO [56] , which is at least 125 days for the growing period of maize. The longer growing period could result in higher evapotranspiration. The grey WF estimated by Mekonnen and Hoekstra [17] is lower than this study, which could be because that study assumed that crops receive the same amount of nitrogen fertilizer per hectare in all grid cells in a country, while in this study the application amount of nitrogen fertilizer of each province published by CAM [42] was used.
Management of Green and Blue Water
Green water accounts for a large proportion of consumptive WF, which is 65% and 96% for wheat and maize, respectively. This indicates that climate (precipitation) contributes more to WF than human activities (irrigation) in the HRB. Attention should be paid to the utilization of rain water in water-stressed arid and semi-arid environments in the future, which is an important way to alleviate the stress from water scarcity. For example, water ponds for rainwater harvesting and utilization could be built to promote rainwater utilization. Terraces could be built in mountainous areas of the Western HRB to improve rainwater use efficiency. Additionally, planting and harvesting dates should be carefully planned for utmost utilization of rainwater, though the precipitation is highly variable.
Blue water plays a vital role in the growing period of wheat and maize in the HRB [32, 58] . Irrigation can improve crop production to feed more people, and could also improve water use efficiency (irrigated crops have smaller unit water footprint). Hence, we can build some water supply facilities in some water scarce regions for irrigation. Additionally, we can develop water-saving technologies, like drip irrigation, which can improve blue water use efficiency [59] . Considering that using blue water costs much more than using green water, especially in many water-scarce regions, we should comprehensively consider the degree of water shortage, water costs, economic levels, and the requirement of food in future agricultural water management.
Limitations in This Study
There were a number of limitations and uncertainties during the assessment of WF in this study. First, the limited data influences the accuracy of WF accounting and spatial distribution. In this study, only 11 weather stations were selected for WF assessment. Spatial and temporal climate variability could not be clearly shown over such large areas. The proportion of irrigated crops is assumed to be the same in each province (or municipality). The soil conditions are assumed to be uniform and the effect of terrain is not taken into account. Second, the same planting dates and length of growing period are assumed during the study period of 60 years. The temporal differences of planting dates and the length of growing period under climate variability were not taken into account, which could affect the crop WF calculation. Third, the irrigation data were chosen based on a series of norms of the water intake in each province. Though it is close to the real irrigation situation, there are still some discrepancies in different hydrological years. In addition, the crop parameters are assumed to be the same for both irrigated and rain-fed crops, following Mekonnen and Hoekstra [17] . However, in rain-fed crops, roots are deeper than those in irrigated crops, and that affects the soil water balance in the root zone. More accurate irrigation amounts and crop parameters for irrigated and rain-fed crops should be used in future studies to enhance the accuracy of agricultural WF assessment.
Summary and Conclusions
The spatial and temporal characteristics of WF of wheat and maize are analyzed in the period 1956-2015 in the HRB. The major portion of total WF comes from green water, especially for maize production, indicating that we should pay more attention to the management of rain water in the future. In all, 19% and 24% of total WF are required to eliminate agricultural water pollution for wheat and maize, respectively. Those are much higher percentages than the world average, indicating that fertilizer use efficiency should be improved in the future. The total WF of wheat and maize varied largely in 1956-2015, mainly following the changing planting areas.
Per ton of crop, wheat (1581 m 3 t −1 ) required more water than maize (1275 m 3 t −1 ). The unit WF of wheat and maize both have exponentially decreasing trends due to increasing production, indicating that water use efficiency has improved. However, increased production was mainly caused by increased fertilizer use, resulting in increased grey water.
Considering the total WF of crop production allocation based on administrative districts (only the area located in the HRB was considered), Hebei Province has the largest WF of both wheat and maize, which accounts for 61% of the total WF, followed by Shanxi (16%), and Beijing and Tianjin account for 2% and 4% of the total WF, respectively. The allocation of WF between administrative districts within the HRB provides an effective way to reduce the conflict among different regions over competition for limited water resources.
The WF varies largely in space. Spring maize has relatively larger unit WF than summer maize. Tianjin has the largest unit WF for wheat because of the poor yield and large application of fertilizer. Other factors might also cause poor crop yield, such as soil physicochemical properties and management practices. These factors should be further studied to improve water productivity. Spring maize has relatively larger unit WF than summer maize due to the longer growing period.
A comparison was made of the WF of wheat and maize under different irrigation conditions. Maize production per hectare requires more water than wheat for all conditions. For both wheat and maize, the unit WF under sufficient irrigation conditions is lower than rain-fed and crops under insufficient irrigation conditions, though much blue water is consumed.
Overall, this study assessed the WF of wheat and maize in HRB of Northern China over the period 1956-2015. The WF analysis for wheat and maize in the HRB shows very large spatial and temporal variations. Analyzing the spatial and temporal characteristics of WF is helpful for basin agencies to make proper water management decisions to improve agricultural water use efficiency and control diffuse agricultural water pollution.
In future studies, in order to improve the accuracy of WF assessment, high-resolution climate datasets and detailed soil datasets should be considered. Meanwhile, in order to obtain more accurate WF and calibrate and validate the model parameters, the soil water conditions and crop growing status in the HRB should be monitored by field experiments. Funding: This research received no external funding.
